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A combined earth-star senaor system, and a method for 
determining the orbit and attitude of space vehicles 

The invention relates to a combined earth- ofcar oeneor 
system for three -axis attitude determination of 
satellites in apace, as well ao a method for 
determining the orbit and attitude of space vehicles. 

For earth-oriented satellites, infrared sensors are 
prodently used to determine roll and pitch angles, 
While solar sensors are uaed Lo determine the yaw angle 
of the satellite. This solution is associated with the* 
disadvantage u£ the arrangement of sevex-al solar sensor 
q heads used being very expensive, and of the laclc nf any 

^0 yaw reference in the case of co-linearity of the earth 

!5 and the sun. Furthermore, evaluation additionally 

±\ requires an wxiicL knowledge of the attitude of the 

U satellite on its orbit. Moreover, errors between the 

j-H measuring axes of solar sensors and earth sensors, eg. 

^ causer] by inaccuracies during installation or as a 

□ result of thermal influence, can (significantly degrade 

Ifl the quality at measurements. 

is* 

in 
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Known star sensors provide a three-axis attitude 
reference in an incrtial system. Here too, earth 
alignment requires an exact knowledge of thy satellite 
attitude, At present, CCDs are used for such star 
sensors. Due to their lack of radiation resistance, 
they are not suitable for use in orbits with 
substantial radiation load, e,g. for use in 
gcocynchroncue missions. 

Prom EP 0 589 387 Al a combined earth -star sensor 
system is kuowx* which uses a single optical arrangement 
to carry out both star observation and earth 
observation In the UV range. To carry out common 



23.MoR.2001 16:09 DAI MLERCHRYSLER +49 89 607255S0 



NR. £47 S.17 



observation, the optical arrangement comprises a wide- 
angle oyotcm incorporating a mirror system. Due to the 
coinciding directions of ohsarvar.-inn for earth 
observation and otar observation, the known system is 
only able to observe stars in proximity to the earth; 
and due to the oenpor being designed with the strong 
earth radiation in mind, for attitude determination the 
known system is only able to observe otaro of high 
intensity. 



From US 5,189,295 a cuuibiiitid eyxLh-star sensor system 
for three -axis attitude determination in space is 
known, with the combined earth-star sensor avsLem 
□ comprising separate apertures with different directions 

~'B of observation and common image pickup devices fur I he 

.jj* earth sensor anrt the star sensor. The earth is 

\j partially shielded by a screen, so as to eilluw 

H acquisition or the pole star. Therfi is hnwRVRr a 

Uj problem that the difference in brightness between the 

\ m earth and stars has not been taken into account 

!p adequately. Consequently, adequate acquisition of the 



^ \^C\ earth and stars is not ensured. 



w> / it is thus the object of the invention to provide a 
combined earth-star sensor system which io not limited 
in reyard to the selection of stars suitable for 
observation, and which can be produced economically and 
which allows optimal atquibiLign o£ the stars to be 
observed and the earth. Furthermore, it is the object 
of the invenli'on Lo provide a method for determining 
the orbit and attitude of a apace vehicle, said method 
being more accurate and allowing optimal acauisition of 
the stars to be observed and the earth, as well as 
allowing independent on-board operation. 
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This object is met Bj^vthe combined earth- star sensor 
system according to claim :t\aiid the method according to 
claim 5. Further advantageou^^^r^ct-Rri ati eta, aspects 
and details of the invention arfexcrovided in the 
dependent claims, the description and th^drawings. 

The combined earth-star sensor system according to Che 
invention, for three -axis attitude determination of 
satellites in space comprises separate apertures with 
different direct iono of observation and common image 
pickup devices for the earth sensor and Lhe star 
oeneor. The sensor allows variable control of the- 
exposure time so that integration can be adapted to the 
□ difference in brightness of the stars and the earth. 

|| Preferably, exposure is alwaya in Lurn, one frame long 

and one frame short. 



Observation according to the .invention, of the earth 
and the stars with different apertures makes it 
possible to observe stars ot magnitude b too, The 
considerable difference in the intensity of radiation 
of these stars when compared to earth radiation, can be 
absorbed by different aperture design and filtering, In 
spite of nonrurrenr. observation of the earth, the 
detection of the stars is not influenced by the 
scattered light from the earth, if two apertures are 
used. The simple dcoign of the system according to the 
invention can cope with high light intensities while 
keeping costs low. High light intensity allows the utffi 
of economical CMOS image pickup devices. 



Preferably the CMOS image pickup devices form a CMOS 
focal plane array as a focal plane sensor with a 
dynamic range yl up to 1;10 6 . It makes possible 
variable control of the exposure time, so that 
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Integration nan hp. adapted to the difference in 
brightness of the stars and the earth. 

By using an alternative proposal of two different 
optical arrangements instead of a common optical 
arrangement/ the wavelength banda uoed for detection 
can be optimised independently of each other, 



The integrated sensor system according to the invention 
makes it possible to determine three attitude angles, 
three annle speeds, and the attitude of the apace 
vehicle. Software control makes it possible ho clover 
different orbits such as geosynchronous orbits, 

y transfer orbits as well as low, middle and elliptical 

*S orbits. 

The method according to the invention comprises the 
H following steps: 

m 

\p 

t ~ simultaneous imaging of stars and rim of the earth in 

□ one focal piano of a cencor system/ determining the 

if! star attitude in the focal plane; determining the rim 

:~ of the earth by image processing; determining rates of 

p rotation of the sensor system from the movement o-C the 

H star image in the focal plane? and calculating the 

orbit and/or attitude of a space vehiule which carries 
the eenBor- system. By alternate adaptation of the 
exposure time or the integration time of the sensor or 
of the image pickup device, to the brightness of the 
stars and the briyliUiees of the earth, even stars which 
are less bright can be acquired concurrently with the 
rim of the earth. 



With the device and the method, highly accurate 
information on the orbit and the attitude of the space 
vehicle or satellite can be obtained concurrently. 
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By filtering out or acquiring a long-wave fraction of 
the radiation, e.g. by mfians of edge filters, the rim 
of the earth con be acquired particularly well and with 
particularly good stability. Additional degrees of 
freedom can be determined by model based tracking of 
the rim ot the earth. 

Further advantages of the invention include a lower 
mass or possible redundancy because there is no need 
for further equipment such afcs for example gyros which 
were hitherto required for determining the orbit anrf 
the attitude. This reaulLs in simplified integration 
and inherent radiation resistance. Orbit determination 
is possible without the use uC GPS, in particular also 
for near-earth and geostationary Hatallites. In this 
way, independent on-board operation can be achieved- 



Below, embodiments of the invention are explained in 
more detail by means of the drawing. 
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figure 1 shows a combined earth- star sensor ayBlem with 
3 common optical arrangement,* 

Figure 2 shows a combined earth- star sensor system with 
two optical arrangements; 

Figure 3 shows an arrangement of image pickup dcvioco; 
and 

Figure 4 shows a coordinate system whose z-axls is 



The combined earth- star eeneor system 1 shown in Figure 
l comprises a common optical arrangement 2, a 
deflection mirror 3, image pickup devices 4 and windows 
6 and 7 for earth and star observation. 

The system shown is in particular characterised in that 
the observation direction to the earth ditfers trom the 
observation direuLion to the stare. 

Starliyht enters the window C, paeeee the little 
deflection mirror 3, reaches che common optical 
arrangement 2 and is foeuascd onto the image pickup 
device 4. The light from the earth enters through the 
window 7, impinges on the deflection mirror 3 which 
directs it to the* common optical arrangement 2. The 
common optical arrangement 2 focuaec the light from the 
earth on the image pickup devices 4. In relation to a 
common optical arrangement 3, the image pickup devices 
4 are arranged on a common focal plane according to a 
specified pattern. Figure 3 provides an example of a 
possible arrangement ot four image pickup devices which 
provide coverage over a large field of vision at a 




directed towards the centre of the earth and 
whose X-axis paints in the direction of orbit 
movement . 
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minimum number of pixels. For example, known CCD 
components can be used as image pickup devices, but 
other components such as e.g. CMOS image pickup devices 
can also be used. 

\The djjerLujLts fur tsttiLh ubseivajiioii is a small aperture 
which during observatior^tff fainter stars preferably 
avoids interfering scattered light from Lhe earLh, and 
J attenuates intensive sunlight which occurs at times 
when the sutt^rfppears in the beam path to the earth. The 
image ot Jfhe earth through window 7 and the 1ms gas of 
the s£ars through window 8 are superimposed on the 
ima^e pickup devices?. 

The evaluation system of the combined earth- star sensor 
cyetem 1 aehievee the separation of earth image from 
scar image e.g. in the following way: the rim of the 
earth is roughly determined in the image, i.e. 
determination is not to subpixel accuracy, then the 
image of the stars which are clearly attitudeed outcide 
the earth's disk are evaluated; to this effect the 
stars are compared with the star chart; in the star 
ulutrl, those sCai'B are determined whose image is too 
close to the rim of the earth, e.g. up to 3 pixels, and 
which would thus disLurb an exdCL luCdLiuu 
determination; the rim of the earth is then located to 
subpixel accuracy, with those pixels not being counted 
which are too close to disturbing stars. 

It the difference in apertures is sufficient, then the 
stars which can be observed through the earth aperture 
do not interfere; their light is attenuated too much by 
the amaller aperture. £3un and moon however have to be 
taken into account, but on account of their large 
aurfaee area they can easily be differentiated from 
stars. 
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As an alternative to thr\ aystkm with a common optical 
arrangement. Figure 2 shows a system with eepardLe 
optical arrangements for nbfip.rving the earth and the 
stars. In this case the combined earth-star sensor 
system 1 cnmprisfis a sami t ran el ucsnt beam splitter 8, 
an optical arrangement 9 for star observation, an 
optical arrangement 10 if nficppfiary with s deflection 
mirror 11 for earth observation arranged upstream of 
said optical arrangement, as well as windows 6 and v 
and image pickup devicee 4. 

I 

The optical arrangement 10 fdr earth obcervation io 
directly inserted in window 7, ,via the semi translucent 
beam splitter B , said optical arrangement forms an 
image on the imaqe pickup devices 4, of the earth 
radiation received, if necessary via an outer 
deflection mirror 11. Via the' beam splitter 6, the 
optical arrangement 9 forms an image on the image 
pickup devices 4, of the starlight received through 
window 6. Figure 2 shows the image pickup devices 4 in 
a common focal plane to the beam splitter 8. The 
optical characteristics ot the -two sensors can be such 
that they compensate for differences in intensity; they 
can also be of different focal length and comprise 
additional attenuation filters in the beam path. 

As is the case in the system described in the context 
of Figure 1, the aperture for earth observation is 
attenuated and smaller than ithe aperture for star 
observation, and the observation direction to the earth 
differs from the observation direction to the etare. 

It ie also possible to compensate for the difference in 
"BrighliieatX uCTrfcArs compared to that of the earth, by 
suitable controls of J the exposure time or thet 
integration nime. To/ this eflecl, during operation, 
exposure is a^ays/in turn, one frame long and one 
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frame short. \n the respective frame that has a 
itsldLively lung expusuze^ime, e.g. 0.1 sec, the gears 
are optimally acquired/ while/in the subsequent frame 
with relatively short ex^er^ure Lime, «,y, 0.0001 set:., 
the rim of the e^rth is acquired particularly 
accurately. 

First the star attitude is determined in the image 

plane. Then, by tracking th« anquireel stars, the 
dx cty 

movements ^>~^) of the stars in the image plane are 
obtained. Subsequently, the rates of rotation {a x ,w > ,&_) 
are determined by solving the following equations: 

* 3* .( r A 



dy ( y*\ xy 

with f denoting the focal length of the optical 
arrangement . The degrees of freedom of rotation of the 
apace vehicle can be determined by tracking at least 2 
stars {x l9 yi) in the image plane, 



To explain the equations, Figure 4 shows the image 
plane x, y and a system of coordinates, with the 
satellite travelling in the x direction and with the z- 
axis pointing to the centre of the earth. The rates of 
rotation m X9 m y ,® 2 , reflect the roll, the pitch and yaw 

of the satellite or space vehicle. 



In the next step the rim of the earth is determined to 
subpixel accuracy, after respective segmentation. For 
this purpose, an orbit -dependent model of the earth and 
of the earth's atmosphere is fitted to the intensity 
distribution .in the image planp. It must be taJcen into 
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account that the image has already been defocussd (via 
2-3 piAylb) fox star attitude determination at 
sufopixel acctiracy. For determination to eubpixel 
accuracy there is an iiiLexpwlaLiwii between Llie 
individual pixel values. Segmentation, i.e. separation 
of the image according to earth and star, results in 
improved accuracy. 

Tf the Rarth is imagfiri in its Rnti TRt.y nr as a 
sufficiently curved segment of a circle, the vector to 
che centre of the earth can be estimated. 

Now the following; formula is used to determine the 
orbital movement (v x/ v y/ v s ) ,,L ' of the satellite from the 

dx cfa 

image movement of the rim of the earth ( ^, * ) -. 

w at 

$~ftz*(v,+yv.)+c, U) 

Z denotes the distance to the earth's horizon which in 
this case is constant, C x , C y arc constants which, 
depend on the known rates of rotation as follows: 



Again, two points (x, y) r of the rim of the earth are 
sufficient Lo estimate the orbit components. If Z is 
unknown, the speeds can only be determined up to a 
constant factor. If the rim of the earth is only imaged 
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as a linear or quaei -linear element, then (2) only 
contains a measurement Cor the unknown quauliLiee v x , 
v y , v E . 

Thus simultaneous orbit determination and attitude 
determination can thus for example take place via the 
following steps ; 

a) Determining the star attitude in the focal plane by 
mean* of a method with subpixel accuracy, eueh as 
e.g. centrrtlding; 

b) Determining the rates of rotation by tracking Lhe 
centroid o£ a surface of the stars and inverting the 
image filiations; 

c) Determining the rim of the earth by model -supported 
image -proccsging methods with eubpixel accuracy; 

d) Estimating the centre of the earth from the image of 
the rim of the eaxLh, as far as possible; and 

e) Model -based tracking of the rim of the earth so ao 
to obtain additional degreetff of freedom. 



